Fluorescence in situ hybridization (FISH) is a useful method of determining the replication timing of specific genomic loci in mammals and of delineating replicon structures on DNA fibers in combination with in vivo replication labeling. In the case of simultaneous detection of a FISH probe and replicated forks, however, the DNA fibers are damaged by the DNA denaturation step for FISH detection, and the resulting fragmented fluorescence signals prevent analysis at high resolution. Here we found that hybridization of the probe to the genomic DNA was possible even under non-denaturing condition, but only at the time its genomic region replicated. Using the method designated non-denaturing FISH, we determined the replication timing of a specific BAC clone and the standard clones, and found that at least one replication origin exists within the genomic region covered by its BAC clone as an example.
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Key words: replication timing; fluorescence in situ hybridization; DNA fiber; replication origin; replication fork DNA replication is thought to be regulated in a hierarchical system. In the budding yeast Saccharomyces cerevisiae, the autonomously replicating sequence (ARS) is a consensus sequence for replication origin determined at a sequence level, and each ARS is regulated to activate at the proper stage during the S phase. [1] [2] [3] On the other hand, in mammalian cells, it has been suggested that tens of thousands of replication origins are placed along whole chromosomes, but no consensus sequence to determine replication origin has been isolated, and most origins remain unidentified. Hence it is very important to develop a method of finding replication origins within specific genome regions. Each genomic locus or gene has distinct replication timing which is determined by firing of flanking origins, and its regulation is involved in higherorder chromatin structure, transcriptional activity, and spatial localization in the nucleus. [4] [5] [6] Fluorescence in situ hybridization (FISH) is a useful method of delineating the replication timing of the specific genomic loci in mammalian nuclei. 7, 8) DNA probes give singlet and doublet hybridization signals in each nucleus, indicating before replication and after replication respectively. Thus, high and low rates of doublet signals in S-phase nuclei correspond to early and late replication timing of each gene locus. Recently, a method of identifying the replication fork progression and the replication origins has been developed based on in vivo replication labeling and the DNA fiber spread technique. 6, 9, 10) Combination with DNA fiber FISH allows one to analyze replicon structures in specific regions in the mammalian genome. [10] [11] [12] [13] Most studies have used halogenated deoxyribonucleosides such as bromo-, iodo-, and chlorodeoxyuridine (BrdU, IdU, and CldU respectively) to label replicating DNA. But the quality of DNA fiber after fluorescence detection is poor due to damage from DNA denaturation in the detection process of the incorporated halogenated deoxyribonucleosides. Additionally, at least two modified deoxyribonucleosides are required to determine the direction of replication fork movement and the location of replication origins on DNA fibers. In contrast, we have developed a method to identify the fork movement and putative replication origins by introducing only one modified deoxyribonucleotide (biotin-or digoxigenin-dUTP: dig-dUTP) into cells. 6, 10) By this method, DNA fiber is less damaged, since fluorescence detection of biotin-or dig-dUTP labeled DNA does not require the denaturation process. This method, used simultaneously with FISH, also enables one to analyze the DNA replication in a specific region in the genome, 6) but there is another problem, that hybridization of DNA probes requires a DNA denatura-tion step that causes damage to fiber DNA molecules and results in poor resolution of replication-labeled signals on DNA fibers.
Here we report that hybridization of DNA probes to genomic DNA on the specimen can occur under a nondenaturing condition. Surprisingly, FISH signals can be detected on DNA fibers as well as in nuclei only when the genomic region covered by a specific DNA probe replicates. By combination with in vivo replication labeling using a modified deoxyribonucleotide, we further show that this non-denaturing FISH method has the potential ability to analyze replicon structures with high quality in a specific region in the mammalian genome.
In a previous study, using a human cervical cancer cell, HeLa cells, we determined the replication timing of the human chromosome 1q32 band region and concluded that this band region replicated in the early period during the S phase. 6) To analyze the replicon structure of a specific region in the genome on DNA fiber spreads, we chose a BAC clone, RP11-506K15, as a DNA probe for FISH, because the RP11-506K15 locus replicated earliest among the clones examined in the 1q32 band region, and we expected that some replication origins located in this genomic region. First, to analyze the replication timing of RP11-506K15 in detail, a FISH-based replication assay was performed using HeLa cells nuclei, as described in the references. 8, 14) As shown in Fig. 1A , before DNA replication, two singlet hybridization signals are detected in a diploid cell nucleus. After DNA replication, two doublet signals are detected in the nucleus, and then we can determine the replication timing by counting the rate of each singlet and doublet signal. HeLa cells were synchronized at the G1/S border using a thymidine/aphidicolin block, and they were released into the S phase in a drugfree medium. Cells were collected at each indicated time point in Fig. 1B , and FISH was performed using the RP11-506K15 DNA probe. Five hybridization signals were detected in the nucleus due to the aneuploidy of the HeLa cell. Then we observed a total of 400 to 500 signals, and judged the individual signal to singlet or doublet at each indicated time fraction. Twenty percent of doublet signals were detected immediately after release into the S phase, and over 70% of doublet signals were scored at 3 h after release from the G1/S block (Fig. 1B) . Additionally, we counted the number of doublet signals in each nucleus at each indicated time point, and found that over half of the RP11-506K15 alleles replicated during the first hour, and that the most alleles replicated during the first 3 h in the S phase (Fig. 1C) .
When we tried simultaneous detection of FISH and replication forks on DNA fiber, the DNA denaturation step required for probe hybridization in FISH damaged the fiber DNA molecules, resulting in fragmented signals of replicating DNA with poor resolution (data not shown). If the single-stranded DNA can be prepared without denaturation, that is, if only the lagging strand synthesis can be inhibited specifically during DNA replication, we might be able to observe FISH signals at the replicating sites and also obtain non-damaged signals of replication forks. Emetine is an inhibitor that induces imbalanced synthesis at chromosomal replication forks, A, when DNA replication does not occur, FISH signals are detected as two single spots (singlets) in a nucleus. After DNA replication, FISH signals are detected as two double spots (doublets). Hence the replication timing can be decided by counting the rate of doublets signals in S phase. B, HeLa cells were synchronized at the G1/S border using aphidicolin. After the cells were washed with PBS, they were released into the S phase and collected at 0, 0.5, 1, 2, and 3 h after release from the aphidicolin block. The cells were fixed with methanol-acetic acid solution (3:1) onto glass slides and conventional FISH was performed with RP11-506K15 DNA probe. FISH signals were classified into singlets (before replication) and doublets (after replication), and the signals were counted in the nuclei collected at each time point. C, the number of doublets was counted in the nucleus at the various time points. Five signals were detected in the HeLa nucleus due to its aneuploidy.
preferentially blocking synthesis of Okazaki fragments on the lagging strand but not on the leading strand. 15) Hence we treated the cells with or without emetine, and FISH using the RP11-506K15 DNA probe was performed on the nuclear specimen under a no-denaturing condition. Surprisingly, hybridization signals were observed even in some nuclei prepared from the cells without emetine treatment ( Fig. 2A) . Since the nuclear specimen is treated with RNase before the hybridization process, these signals are less likely to derive from hybridization to RNA molecules. Hereafter, we refer to this method as non-denaturing FISH, although the reason FISH signals are observed without denaturation remains to be determined.
Using the nuclear specimen, we next examined whether these FISH signals were to be observed when a specific DNA probe replicated. HeLa cells were synchronized at the G1/S border and collected at 1-h intervals after release from the aphidicolin block. Nondenaturing FISH was performed using an RP11-506K15 DNA probe and the number of nuclei with hybridization signals was counted at each indicated time point (Fig. 2B) . Interestingly, the rate was not constant through the S phase, i.e., it was higher in the early S phase and lower in the second half of the S phase. Consistently with the results described in Fig. 1 , the hybridization efficiency of the RP11-506K15 DNA probe under the non-denaturing condition was higher in the early S phase when the specific genome region covered by this probe replicated. We also counted the number of hybridization signals in the nuclei at 30 min after release from the aphidicolin block when the hybridization efficiency of RP11-506K15 DNA probe was the highest, and found that two hybridization signals were detected in about 35% of nuclei (Fig. 2C) .
Together with these results, we expected that the hybridization signals detected using non-denaturing FISH would correlate with the replication timing, since two or three doublet signals were detected using the RP11-506K15 DNA probe in a nucleus at 30 min after release from the aphidicolin block, as shown in Fig. 1C . To rule out the possibility that the above result was specific only to the RP11-506K15 probe, we next performed non-denaturing FISH on other DNA probes. The PYGM gene is known to replicate at the early to middle S phase in HeLa cells, 7) the FISH signals were mainly detected in the early to middle S phase under the non-denaturing condition (Fig. 3A) . We also examined DNA probes covering the HSP70 and the SNRPN genes, which have been reported to replicate at the early and the late period during the S phase, respectively. 16, 17) The hybridization efficiency of the HSP70 and the SNRPN probes was higher at the early and late periods during the S phase in HL-60 cells (Fig. 3B) . Interestingly, the hybridization signals of the SNRPN gene were detected at two distinct periods in the late S phase; this might correlate with the asynchronous replication timing of this gene. 17) This result also indicates that non-denaturing FISH was not limited to early-replicating genes. Comparing this with the results shown in Fig. 2 , the hybridization signals were detected with lower efficiency, particularly in HL-60 cells. One reason may be that smaller cosmid probes (40 kb or so) were used in Fig. 2 . Another reason may be that HL-60 cells are diploid. Non-denaturing FISH on nuclei synchronized in a defined time during the S phase may provide a convenient method to determine the replication timing of specific genome fragments.
Using non-denaturing FISH, we next tried to visualize the replication fork progression on DNA fibers within a Nuclear specimens were prepared from HeLa cells synchronized as indicated in Fig. 1B , and conventional FISH without the DNA denaturation step (only the FISH probe was denatured) was performed. A, FISH-positive nuclei under the non-denaturing condition using the RP11-506K15 DNA probe. DAPI-stained, FISH signals (indicated by arrow), and merged images are shown on the left. The number of FISH signals was not constant in each nucleus. The upper and lower images show the nucleus with four and two signals respectively. Fluorescent images were acquired and processed as described previously 10) using a Zeiss Axioplan 2 MOT with a 63X Plan-apochromat (NA 1.4) objective lens, equipped with a MicroMAX CCD camera (Roper). Bar, 10 mm. B, HeLa cells were synchronized and collected as shown in Fig. 1B at the indicated times after release from the aphidicolin block. At each time point, the percentage of nuclei with at least one FISH signal was calculated. C, the number of signals was counted in each nucleus at 0.5 h after release from the aphidicolin block. Four-to five hundred signals were counted in all experiments. specific genome region. We previously developed a method to analyze fork movement based on in vivo replication labeling and a DNA fiber spread technique. 10) This method allows us to identify the direction of the replication fork and putative origins, for the following reasons: The modified deoxyribonucleotides introduced into the cells may be gradually consumed over minutes, and the fluorescent signal of replicated forks tails off on the DNA fiber. The weaker signal at the end of the tail indicates that the fork is moving away from the replication origin as the available substrate reduces with time. As a typical image shown in Fig. 4A , HeLa cells were replication-labeled with dig-dUTP, the DNA fiber spreads were prepared, and the replication forks were detected with anti-digoxigenin antibody-conjugated rhodamine on the DNA fibers. Several non-fragmented line signals were detected. Most of them gradually tailed off, indicating the direction of replication fork movement (arrows indicate the directions of replication forks). We also could easily estimate the positions of replication origins in the middle of the bidirectionally growing forks (they are indicated by arrowheads, and written as ''ori''). Hence we tried to find replication origins within the RP11-506K15-covering genome region on DNA fibers using a combination of in vivo replication labeling and non-denaturing fiber FISH. However, there was no size information about this clone in the databases. Hence we estimated the size of this clone using conventional DNA-fiber FISH. Although the FISH signal was degraded, as shown in the top of Fig. 4B and further analysis was required to determine its accurate size, it was approximately 150-200 kb.
HeLa cells were synchronized and replication-labeled with dig-dUTP at 30 min after release from the G1/S block. After preparation of the DNA fiber spread, nondenaturing FISH was performed using the biotinylated RP11-506K15 DNA probe. The probe and replicated DNA were detected with streptavidin-Alexa488 and anti-digoxigenin antibody-conjugated rhodamine respectively. As expected, both FISH and replicated DNA signals were observed on the same DNA fiber, although the number of merged signals was not many, patterns of detected FISH signals were not always constant, and the length of hybridization signals was variable on some DNA fibers. In Fig. 4B , two typical sets of images are shown (DNA fiber 1 and 2). The FISH signals in these images are relatively long, although some parts of the region covered by this probe were not visualized. Since the whole length of hybridization signals in these images was as long as that of the signals under the denaturing condition, we thought that the hybridization signals corresponded to the whole region covered by the DNA probe. To delineate the approximate positions of replication initiation sites by this method, it is important to collect FISH images covered by the whole region of the DNA probes. Under the nondenaturing condition, fluorescence signals of the replicated DNA were detected clearly enough to determine the direction of each replication fork and to estimate the position of the replication origin based on the judgment described in above. The schematic interpretations of these two images are also depicted in line art (Fig. 4C) . Dashed gray lines indicate the genomic region where the probe DNA did not hybridize under the non-denaturing condition. Although it is difficult to determine the precise positions of replication origins by this method, at least one replication origin (indicated as ''ori'') may exist in this region, because it is located on the left side of the RP11-506K15 FISH signal in each image and some others (images not shown). At the moment, we cannot tell whether this putative origin is located in the defined genome sequence or is fired within an initiation zone. Other molecular biological methods to assign the replication origin should be performed to answer this question.
Another replication origin might be located in the region drawn as the longer-dashed gray line of the DNA fiber 2, because a replication fork moved to the right end of the FISH signal. Additionally, an undefined origin might be located at the left side of the assigned ''ori'' A, under the non-denaturing condition, FISH was performed on HeLa nuclei using the PYGM probe. HeLa cells were synchronized at the G1/S border as shown in Fig. 1B , and collected at each indicated time point after release from the aphidicolin block. The number of nuclei with at least one FISH signal was counted. B, FISH was performed on HL-60 nuclei as described in A using the HSP70 and the SNRPN probes.
because the replication fork progressing to the left met with the other fork in DNA fiber 2. However, these origins may be fired less frequently, because they are based on only one image. Moreover, to determine the precise position of the replication origin on DNA fibers, a smaller probe would be useful, or the other DNA probe arrayed beside the particular DNA probe is required to determine the orientation of the FISH signals.
In conclusion, we developed a new method to determine the replication timing of the specific loci and a replicon structure in a specific genome region using in vivo replication labeling and non-denaturing FISH with higher resolution, although the results obtained are preliminary, and the suggested putative origin should be assigned by conventional methods. A, replication forks visualized on DNA fibers. In vivo replication labeling of HeLa cells was performed with dig-dUTP by a hypotonic shift procedure. 18) Labeled cells (10 3 -10 4 cells) were dropped onto a glass slide. The slides were dipped into lysis buffer (0.5% SDS, 50 mM EDTA, pH 8.0, 200 mM Tris HCl, pH 7.4), and then slowly pulled out and tilted out to allow DNA fiber to run down. After air-drying, the DNA fibers were fixed with methanol-acetic acid solution (3:1) at 25 C for 10 min. After it was air-dried, the labeled DNA was detected with antidigoxigenin-conjugated rhodamine (red). Putative replication origins (''ori,'' arrowheads) and the direction of replication fork movement (arrows) are indicated. B, the fiber FISH signal detected under the denaturing condition using biotinylated RP11-506K15 probe is shown at top of the images as conventional FISH. For two sets of images, indicated as DNA fiber 1 and 2, HeLa cells were synchronized at the early S phase and replication-labeled with dig-dUTP under the hypotonic condition, and then the DNA fiber was prepared as described in A. Hybridization was performed using a biotinylated RP11-506K15 probe (denatured) under the non-denaturing condition of the DNA fiber specimen. After that, biotin-and dig-dUTP were detected with streptavidin-Alexa488 (green) and sheep anti-digoxigenin antibody conjugated with rhodamine (red). Two individual DNA fibers are shown. A putative replication origin (''ori'') and the direction of replication forks (arrow) are indicated. C, the line art based on interpretations for the two DNA fibers above is depicted. Green and red lines indicate FISH signals and replicated DNA respectively. The dashed gray line is the genomic region where the DNA probe was not hybridized. The dotted black is the genomic region placed beside the region covered by RP11-506K15.
systems are required for maintenance of genome integrity when DNA damage occurs in cells, especially during the S phase. The method described in this study allows one not only to determine the replication timing of specific genome loci by scoring the signals observed in nuclei, but also to find the approximate position of putative replication origins with high resolution on fiber DNA molecules and possibly to analyze the replicon structure within specific regions of mammalian chromosomes.
